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and |Vcb | |Vub |
Precision measurements  of CKM matrix at the core of the physics program at B- factories  

 and mainly from semileptonic decays of B mesons |Vub | |Vcb |
December 8, 2009 The SuperB Experiment     Steven Robertson  IPP/McGill 5

Why Flavour?

Flavour sector contains 14 (23) of 19 (28) parameters of the SM, which 
are intrinsically connected to EW physics and symmetry breaking 

– Tantalizing structure (similarly for lepton sector) which is not predicted by the 
SM:

    Regardless of whether 
observable non-SM physics 
exists at the TeV scale,  
CKM structure hints that 
there is something 
important here that we 
don't understand
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Tension between exclusive and inclusive and  measurements along with other related B-anomalies . |Vub | |Vcb |
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• Experimentally challenging due to dominant  
background.


• Only certain kinematic regions allow for clean separation: lepton 
momentum endpoint spectrum or low mX.


• Inclusive via :

• Precision of (~7%) 

• Operator Product Expansion (OPE) = Heavy Quark Expansion. 

• HQE  breaks down and a non-perturbative shape function is 

required. 


• Exclusive via 

• Most precise determination of |Vub| (~4%) 

• Form factor determined non-perturbative from lattice QCD 

(high ) or LCSR ( ~0) . 

B → Xcℓν

B → Xuℓν

B → πℓν

q2 q2

|Vub| 

Current ~3  tension between 
inclusive and exclusive 

determinations

σ
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|Vub | = (4.25 ± 0.12+0.15
−0.14 ± 0.23) × 10−3

|Vub | = (3.70 ± 0.10 ± 0.12) × 10−3

PDG inclusive 

PDG exclusive 



Inclusive |Vub |
Based on HQE of  with 5% theoretical uncertainty and 
requires parametrization of the shape function (SF) using various 
theoretical approaches: 
• BLNP: B. O. Lange, M. Neubert and G. Paz, Phys. Rev. D 72, 073006 

(2005)
• DGE: J. R. Andersen and E. Gardi JHEP 0601 097 (2006)
• GGOU: P. Gambino et al., JHEP 0710 058 (2007)

Shape function accounts for the motion of the b quark inside the B meson 
and should be universal for all b transitions to light quarks. 

3 main approaches to measuring inclusive :
1. Lepton endpoint spectrum:

 Reconstruct a single charged electron and measure the partial rate   
near the kinematic endpoint

2. Untagged “neutrino reconstruction” 
      Reconstruct lepton + missing momentum vector
3. Tagged reconstruction, where one B is fully constrained using 

hadronic modes. 

B → Xuℓν

|Vub |
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Phys. Rev. Lett. 88, 231803 (2002)
Phys. Lett. B621, 28 (2005)

Phys. Rev. D95, 7, 072001 (2017)
Phys. Rev. D73, 012006 (2006)

Phys. Rev. Lett. 95, 111801 (2005)



• Using 470 fb-1extract and measure 
• Identify electron with 0.8 < pCMS< 5.0 GeV/c 
• Suppress non-  background using Neural Network.

•  

• Subtract continuum background using  fit to off-resonance data 

• Subtract BB background using simultaneous  fit to off and on 
resonance data, relying on MC simulation for the inclusive Xc spectra. 

|Vub | B → Xueν

BB̄

χ2

χ2
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Phys. Rev. D 95, 072001 (2017)

On-resonance data 
Off resonance +  MC BB̄

On-resonance 

Signal   B → Xuev

Off-resonance 

MCBB̄

Off-resonance

On-resonance data after non-
 background subtraction  BB̄

 MC without  signalBB̄ B → Xuev

Inclusive |Vub|  at BaBar



• Extract |Vub| using:

• Main uncertainties due to:
• Simulation of the electron signal spectrum
• Background subtraction: shape of the signal and background 

spectra
• uncertainty on the SF parameters and theoretical predictions of 

the rate (both perturbative and non-perturbative )
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Input from 4 
theoretical models

Inclusive |Vub| at BaBar  
Phys. Rev. D 95, 072001 (2017)

PDG value of B 
lifetime 



Inclusive |Vub|  at Belle
Using 711 fb-1 of Belle data

Hadronic Tagging with Neural Network (0.2-0.3% efficiency) 

Reconstruct X system using remaining tracks and clusters in the event 

Suppress backgrounds using Boosted Decision Tree  
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Extract signal using binned likelihood to 3 
variables in 3 phase space regions :

Preliminary 

2D-fit 

Additional kinematic 
cuts to reduce impact of 

 modelling B → Xcℓν
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Highest precision achieved with 2D fit!

Result compatible within 1.4  
with exclusive determinations.  

σ

Inclusive |Vub|  at Belle

10-3

Arithmetic average over 4 determinations!



• Glo
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Inclusive |Vub|  at Belle II
• Maximize shape function information by measuring a large number 

of differential spectra 

• Global fit to the full spectrum, combining  and  

with constraints on HQE parameters from  simultaneously

• This has been demonstrated by SIMBA, Analysis of B-Meson, 

Inclusive Spectra,  group.


• Systematic uncertainties related to tracking and PID will be 
improved by Belle II upgrades: 

• New and improved PID in the barrel region (time of propagation 

counter) 

• Smaller drift chamber cell size .

• Improved detector performance 

B → Xuℓν B → Xsγ
B → Xcℓν



• Glo
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Inclusive   at Belle II|Vub |
• Maximize shape function information by measuring a large number 

of differential spectra 

• Global fit to the full spectrum, combining  and  

with constraints on HQE parameters from  
simultaneously


• This has been demonstrated by SIMBA group.


• Systematic uncertainties related to tracking and PID will be 
improved by Belle II upgrades: 

• New and improved PID in the barrel region (time of propagation 

counter) 

• Smaller drift chamber cell size .

• Improved detector performance 

B → Xuℓν B → Xsγ
B → Xcℓν

Observed 
excess 

in data (>3 ) !
B → Xueνe

σ



Exclusive |Vub|
• Using tagged and untagged 


• Tagged analyses: high q2 resolution, lower statistics. Main systematic: calibration of tagging efficiency.

• Untagged analyses: higher background, more restrictive kinematic cuts. Main systematic: determination of 

the missing neutrino momentum 

B → πℓν
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• Hadronic reconstruction with 711 fb-1 of Belle data.

• Determine  by subtracting  from 


• Extract yields from fit to .

• Extract |Vub| using different theoretical parametrization of the 

form factor 

M2
miss Btag, πsig, ℓsig Υ(4S)

M2
miss

f+0

Phys Rev D 88, 032005 (2013)



Untagged B → πℓν
• Measure partials BFs of ,  , ,  in 

bins of .
• Reconstruct Y= lepton+ charmless meson system. 
• Infer neutrino 4-momentum from  where the latter is 

determined from the sum of all detected particles in the  frame
•  calculated as an average over 4 angles B momentum known 

up to an angle  about the  momentum. 
• Apply  dependent selections to suppress backgrounds 
• Extract signal and background yields in a 2D fit to the 

B0 → π−ℓν B+ → π0ℓν B+ → ωℓν B+ → η(′ )ℓν
q2

⃗p* miss = ⃗p* beams − ⃗p* tot
Υ(4S)

q2 = (PB − Pmeson)2

ψ
q2

ΔE − mES
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Phys. Rev. D 86 092004, 2012

B → πℓν

B → D(*,**)ℓν

>16q2



• Extract  from the combined  using 3 different theoretical 
parametrization of the form factors. 

• Simultaneous fit of the BGL parametrization and 4 points in the FNAL/MILC 
lattice data yield 

• Result compatible with alternative determinations using LCSR and compatible 
with previous Belle tagged results

|Vub | B → πℓνΔℬ(q2)

|Vub | = (3.25 ± 0.31) × 10−3
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Untagged B → πℓν
Phys. Rev. D 86 092004, 2012

LCSR: Phys. Rev. D83, 094031 (2011).
HPQCD: Phys. Rev. D73,074502 (2006); Erratum ibid. D75, 119906 (2007).
FNAL J. A. FNAL: Phys. Rev. D79, 054507 (2009)
LCSR2:A. Bharucha, 10.1007/JHEP05(2012)092. 
LCSR3: Phys. Rev. D71, 014029 (2005) 

|Vub | = (3.25 ± 0.31) × 10−3

Still in tension with inclusive 
determination!



Exclusive |Vub| at Belle II  
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• Larger data sample will improve statistical power. 
• Combined with lattice QCD determinations in the full 

kinematic range.
• Expect reduced systematics on  and  for untagged 

analyses. 
• Improved tagging techniques Full Event Interpretation( see 

backup) is expected to increase efficiency by ~2%
• Implement multivariate rest-of-event optimization to 

improve  and  resolution in untagged analyses. 

NBB̄ f00/f+0

ΔE mES

Observed signal significance: 
5.69 σ

B0 → πℓν



• Inclusive via :


• Heavy Quark expansion of decay rate with non-perturbative matrix elements  and perturbative coefficients. 

• Non-perturbative parameters determined using the lepton energy or hadronic mass moments of 


• Exclusive via :

• Clean experimental modes with low background.

• Decay rate requires input on the form factor parametrization.

B → Xcℓν

B → Xcℓν

B → D(*)ℓν

|Vcb| 

15

“””?????

Tension between exclusive and inclusive determinations. 

PDG value
PDG value



B → D*ℓν
• Requires input on form factor parametrization:

• Extract  at zero recoil,  by measuring the differential rate.
• Use measured differential rate as input to a fit for the form factors and . 
• Lattice calculations available only at zero-recoil  (Phys. Rev. D 97, 054502 (2018) ) or 

 (Phys.Rev.D89, 115404 (2014)) .Work in progress towards calculations at larger recoil. 

|Vcb | w = 1
ηEWℱ(1) |Vcb |

ℱ(1) = 0.895 ± 0.026
ℱ(1) = 0.906 ± 0.013
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Caprini, Lellouch, Neubert parametrization Boyd, Grinstein, Lebed  parametrization 
Nucl. Phys. B530, 153(1998)Phys. Rev. Lett. 74, 4603 (1995)



• Untagged analysis using Full Belle dataset: 711 fb-1


• Reconstruct D* and identify lepton candidate

• Estimate  backgrounds using fits .

• Determine direction of non-signal B using  residual 

tracks and clusters not used in the reconstruction. 

cosθB,D*l, ΔM, pℓ
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B0 → D*−ℓν

• Perform binned  fit using 1-D projections of  to extract form factor parameters and |Vcb|
χ2 w, cosθℓ, cosθV, χ

Phys. Rev. D 100, 052007 (2019)

w cosθV

cosθl χ
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CLN parametrization BGL parametrization 

Dominant systematic uncertainties

 track reconstruction & lepton ID

“””????? “””?????

BF is consistent with different parametrization Model independent 
measurement of exclusive

ℱ(1) |Vcb |

Phys. Rev. D 100, 052007 (2019)

B0 → D*−ℓν

Lattice QCD uncertainty

Consistent |Vcb| result between 
BGL and CLN 



• Exploit hadronic reconstruction using BaBar dataset.

• Reconstruct  and form a 


• Suppress background using cuts on Eextra and  
D0 → K−π+, K−π−π0, K−π+π−π+ D*0, D*+

U = Emiss − pmiss
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B → D*ℓν
Phys. Rev. Lett. 123, 091801 (2019)

Background < 3%

Unbinned maximum likelihood fit to the four-
dimensional decay rate using all selected 
events: 

• Not-extended fit: extract form factors only 

• Extended fit: Extract by constraining the 

integrated decay rate to world average values 
of the  and ℬ τ



•  results lower than recent Belle BGL result. 

• Discrepancy between CLN BaBar result and CLN 

world average. 

• Does not solve current |Vcb| puzzle.

|Vcb |

20

B → D*ℓν
Phys. Rev. Lett. 123, 091801 (2019)

Similar  BaBar analysis 
currently in progress!

Plan is to perform a combined 
HQE fit to D and D*.

B → Dℓν



• Hadronic reconstruction with full BaBar dataset.

• Reconstruct signal  meson and identify lepton

• Extract signal yield using an un-binned maximum likelihood fit to the 

 distribution

• Main systematic uncertainty: tagging efficiency

D

M2
miss

21

B̄ → Dℓν

• Measure |Vcb| and  using a least square fit in ten bins of .ρ2 w

|Vcb | = (41.6 ± 1.8 ± 1.4 ± 0.7FF) × 10−3

CLN Parametrization

Phys. Rev. Lett. 104 011802 ,2010

“””?????



• Updated analysis with hadronic tagging at Belle. 

• 10  and 13  modes, 5 times the width reconstructed by BaBar

• Signal yield extracted from a fit to .


• Perform fit to CLN parametrization and use , 
determine 


• Repeat with BGL parametrization and lattice calculations to find 
 


• Consistent with , smaller deviation from inclusive 

D+ D0

M2
miss

𝒢(1) = 1.0541 ± 0.0083
|Vcb | = (39.86 ± 1.33) × 10−3

|Vcb | = (40.83 ± 1.13) × 10−3

B → D*ℓν |Vcb |
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B̄ → Dℓν Phys. Rev. D93, 032006 (2016)
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Exclusive |Vcb| 

B → D*ℓν B → Dℓν

CLN parametrization only 



Inclusive |Vcb|
• HQE in powers of 
• Determine parameters of HQE  using moments of the differential rate.


• Using the branching fraction, determine 

1/mb

|Vcb |

24

JHEP 1109 055 2011)
Phys Rev D 70, 094017 (2004)



BaBar Inclusive |Vcb |
• Using 210 fb-1 of BaBar data, measure the mX and lepton energy moments and 

the combined moments  
• Use hadronic tagging and reconstruct X system from remaining tracks and 

clusters in the event.
• Use kinematic fitting to improve MX resolution and derive calibration functions 

to correct for mis-reconstruction and detector effects

•

n2
X = m2

Xc4 − 2ΛEX + Λ

25

Phys. Rev. D 81 032003, 2010

Reconstruction bias

Calibration Bias

• Main systematics: background subtraction, calibration functions, etc.. 



• Determine  and  using simultaneous  fit to the measured moments and partial branching fractions  
as functions of the minimum lepton momentum and minimum photon energy E.  

• Consistent results between fits to  and .

|Vcb | , ℬ, mb, mc, μ2
π , μ2

g , ρ3
D, ρ3

LS χ2

mX nX

26

BaBar Inclusive |Vcb|
Phys. Rev. D 81 032003, 2010

|Vcb | = (42.05 ± 0.45 ± 0.70) × 10−3

Latest global fits in the kinetic scheme  

Gambino, Schwanda, Phys Rev D 89, 014022 (2014)
Alberti, Gambino, Healey, Nandi Phys. Rev. Lett 114,061802 (2015)

No new experimental results 
since 2010!



Hadronic Mass Moments of B → Xcℓνℓ
Phys. Rev. D 75, 032005, 2007

In agreement with previous measurements! 27

• Use hadronic FEI tagging and identify one lepton with 
 GeV/c and  PID likelihood >0.9.

• 6 signal channels  and two control  to 
estimate 

• Identify Xc system using remaining tracks and clusters in the 
 rest of event. 

• Suppress continuum and require Emiss and pmiss>0.5 GeV.

p *l > 0.8
B0ℓ±, B+ℓ− B+ℓ+

Ni
bkg

Υ(4S)



Alternative Inclusive |Vcb| 
• Achieve more precision by including higher order:


• Number of parameters: 4 up to , 13 up to  and 31 up to 

• Use reparametrization invariance to link different orders of 1/mb and reduce the number of total parameters 

• Requires RPI observables such as q2 

1/m3
b 1/m4

b 1/m5
b

28

8 parameters instead of 13 !

Fael, Mannel, Vos , JHEP 02 (2019) 177

NOVEL 
APPROACH!!!



• HQE expressed in higher order terms

Alternative Inclusive |Vcb| 

Determine moments  and use it determine  |Vcb| 

29

Fael, Mannel, Vos, JHEP 02 (2019) 177

NOVEL 
APPROACH!!!



q2 moments at Belle and Belle II 
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Tagged approach: 
• Use similar strategy as mX moments analysis. 
• Apply q2>3.6 GeV2/c4 cut instead of lepton momentum 

cut.
• Determine background normalization using a fit to MX 

spectrum 
• Derive calibrations in bins of q2

•

Untagged approach:
• Identify lepton and suppress continuum events using fox 

Wolfram R2 cut. 
• use missing momentum in the events as an estimate of 

the neutrino momentum. 
• Require 
• Determine  
 

M2
miss 0
q2 = Pℓ + Pν

First results expected by Moriond 2021! 

Summer 2021 target: combine 
untagged and tagged 

measurements!



 Prospects at Belle II|Vcb |
• With 1 ab-1 size dataset, the limitation will mainly be systematic. 

• Improved tracking, PID and vertexing tools.

• Reduce systematic uncertainties related to tagging efficiency.
• Clean up low purity modes. 

• Improved measurements for  and 
• Achieve higher precision in the measurements of the moments for 

inclusive . 
• Valuable input for theory!

• Provide complementary kinetic information by measuring other 
single differential spectra, such as the hadronic energy or q2. 
• Work already in progress.

• Improved measurements of  with 1 ab-1

NBB̄ f +0

|Vcb |

B → D**ℓν

31

Measured branching fraction is compatible with 
current world average!



Conclusion
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• Lots of work in progress in attempt to resolve  and  puzzle. 
• Exclusive : 

• Upcoming model independent  result at BaBar and a combined D and D* HQET fit
• Work in progress at Belle II for improved precision in   and  results. 

• Inclusive :
• Novel  moments to be measured at Belle II using tagged and untagged approaches.
• Updated  moments study at Belle II .

• Exclusive :
• Upcoming analysis on  for Winter 2021
• Work in progress at Belle II for improved precision in   and  results. 

• Inclusive :
• Updated Belle analysis with reduced tension with exclusive modes, to be published soon. 
• Work in progress at Belle II for first result using lepton endpoint spectrum analysis. 

|Vub | |Vcb |
|Vcb |

B → Dℓν
B → Dℓν B → D*ℓν

|Vcb |
q2

mX
|Vub |

B → η′ ℓν
B → πℓν B → ρℓν

|Vub |
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Back up 
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Leading uncertainties 
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• Extract |Vub| using:

• Main uncertainties due to:
• Simulation of the electron signal spectrum
• Background subtraction 
• uncertainty on the SF parameters 
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Input from 4 
theoretical models

Inclusive |Vub| at BaBar  
Phys. Rev. D 95, 072001 (2017)

PDG value of B-
lifetime 
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Inclusive |Vub|  at Belle

ΔB = (1.56 ± 0.06stat ± 0.12sys) x 
10-3



Hadronic Mass Moments of B → Xcℓνℓ
• Use hadronic FEI tagging and identify one lepton with  GeV/c and  

PID likelihood >0.9.
• 6 signal channels  and two control  to estimate 
• Identify Xc system using remaining tracks and clusters in the  rest of 

event. 
• Suppress continuum and require Emiss and pmiss>0.5 GeV.

p *l > 0.8

B0ℓ±, B+ℓ− B+ℓ+ Ni
bkg

Υ(4S)

π

π
π

D
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Subtract background by 
assigning a signal 

probability to each event 

 https://arxiv.org/abs/2009.04493



Main sources of systematics in exclusive |Vub|

39



• FEI hadronic tagging to measure  with 
• Identify oppositely charged lepton, and  

GeV/c, and pion using PID algorithms. 
• Suppress continuum using FoxWolfram moment R2. 
• Apply Emiss>0.3 and Eresidual<1.0 GeV.

• Analysis performed blinded in the signal region  
GeV2/c4.

ℬ(B0 → π−ℓν)
pe > 0.3 pμ > 0.6

M2
miss ≤ 1

Belle II Tagged Exclusive B0 → π−ℓνℓ
π+

40

In agreement with world average!

Observed signal significance: 5.69 σ



Examine hadronic recoil 
parameter spectrum 

Divide spectrum into 5 equal 
bins of 0.1008 between w=1 and 
wmax=1.504.
 

B̄0 → D*+ℓνℓ

w =
m2

B − m2
D* − q2

2mBmD*

Unfold the w spectrum to 
compare with BGL.

Partial branching fractions in 
bins of w are a key step to 

determine Vcb.

Phys. Lett. B 771, 359 (2017)41
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Inclusive |Vub|  at Belle

Most precise result from 2D fit 
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Inclusive |Vub|  at Belle



Exclusive B̄0 → D*+ℓνℓ
Reconstruct  and  . 
Identify lepton using PID algorithms.
Suppress  events using pD*<2.4 GeV/c and R2 <0.3. 

D0 → K−π+ D*+ → D0πs

e+e− → qq̄

cosθBY =
2E*BE*Y − m2

B − m2
Y

2 |p*B | |p*Y |

Extract signal yield with a fit to  .cosθBY

ℬ(B̄0 → D*+ℓν̄) = (4.60 ± 0.05(stat) ± 0.18(sys) ± 0.45πs) %

Compatible with current world average!
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Unfold the w spectrum to 
compare with BGL.

Partial branching fractions in 
bins of w are a key step to 

determine Vcb.



X
• Measurement of  in the lepton endpoint momentum spectrum. 


• Identify one lepton in the event using PID algorithms.

• Suppress continuum using MVA trained with event shape variables.

• Subtract continuum and other  contributions.

|Vub |

BB̄

45

Belle II Inclusive B → Xueν̄e

Observed 
excess 

in data (>3 ) !
B → Xueνe

σ



FEI reconstruction 
• Exclusive reconstruction of hadronic B modes.
• Multivariate algorithm with hierarchal approach n

n

K+

€ 

Υ(4S)
B

B

K’s
p’s

e+

e-

Btag BsigHadronic Tag 

Tagging Algorithm Had B+/B0 SL B+/B0

Full Reconstruction
Belle 0.28/0.18 0.67/0.63

FEI Belle 0.78/0.46 1.80/2.04
46

MC Tagging efficiency at 
10% purity!

Infer momentum and direction of 
signal B candidate: 

Ideal for decays with neutrinos, missing 
energy signatures!


